A polarized Raman study of nanographite ribbons on a highly oriented pyrolytic graphite substrate is reported. The Raman peak of the nanographite ribbons exhibits an intensity dependence on the light polarization direction relative to the nanographite ribbon axis. This result is due to the quantum confinement of the electrons in the 1D band structure of the nanographite ribbons, combined with the anisotropy of the light absorption in 2D graphite, in agreement with theoretical predictions. DOI: 10.1103/PhysRevLett.93.047403 PACS numbers: 78.30.Na, 73.22.-f, 78.66.Tr, 78.67.Ch Graphite-related materials have been the object of many studies [1] in the last decades including, and, in particular, carbon nanotubes that can be obtained by rolling up a graphene sheet into a tube of nanometric diameter [2] . This large interest in carbon nanotubes is owing to the fact that they are quasi-one-dimensional (1D) systems and have many properties related to quantum confinement [2] . Another form of a 1D carbon system is a strip of a graphene sheet, which is called a nanographite ribbon in the literature [3, 4] . Previous works have shown the existence of 1D graphite nanostructures in polyperinaphthalene [5, 6] and in fibers obtained from carbon nanotubes subjected to high temperature and pressure [7] . The synthesis of nanographite ribbons grown from a SiC arc discharge has been reported, including the observation of a ribbon bifurcated along the c axis, forming a nano-Y junction [8] . This is a promising structure in the field of nanoelectronic devices because of its interesting transport properties [9] .
Graphite-related materials have been the object of many studies [1] in the last decades including, and, in particular, carbon nanotubes that can be obtained by rolling up a graphene sheet into a tube of nanometric diameter [2] . This large interest in carbon nanotubes is owing to the fact that they are quasi-one-dimensional (1D) systems and have many properties related to quantum confinement [2] . Another form of a 1D carbon system is a strip of a graphene sheet, which is called a nanographite ribbon in the literature [3, 4] . Previous works have shown the existence of 1D graphite nanostructures in polyperinaphthalene [5, 6] and in fibers obtained from carbon nanotubes subjected to high temperature and pressure [7] . The synthesis of nanographite ribbons grown from a SiC arc discharge has been reported, including the observation of a ribbon bifurcated along the c axis, forming a nano-Y junction [8] . This is a promising structure in the field of nanoelectronic devices because of its interesting transport properties [9] .
In this paper, we present a polarized Raman study of a nanographite ribbon deposited on a highly oriented pyrolytic graphite (HOPG) substrate. The Raman peaks of the nanographite ribbon and the HOPG are split due to different thermal expansions of the ribbon and the substrate. The Raman signal from a nanographite ribbon is as intense as that of the HOPG substrate and has a strong dependence on the light polarization. In order to explain these results, we present a model that takes into account the quantum confinement of the electrons in the 1D structure of nanographite ribbons and the anisotropy in the light absorption in 2D graphite. The Raman results shown here confirm the presence of nodes in the optical absorption spectra of graphite, in agreement with theoretical predictions [10] .
The sample used in the experiment was prepared by the electrophoretic deposition of diamond nanoparticles on a HOPG substrate [11] . At a heat-treatment temperature of 16 00 C, the diamond nanoparticles are graphitized, forming nanographite sheets [12] . Atomic force microscopy (AFM) images of the sample were acquired using a Nanoscope IV MultiMode microscope from Veeco Instruments, operating in the intermittent contact (tapping) mode, at room temperature, using standard Si cantilevers. Figure 1 Fig. 1(c) ] shows a height of 0.35 nm, which corresponds exactly to the interlayer distance of bulk graphite, indicating that the ribbon has only one layer of atoms. Backscattering micro Raman spectra were taken at room temperature using a DILOR XY triple monochromator. The laser energy, spot area, and power density on the sample were 2.41 eV, 10 ÿ8 cm 2 , and 3 10 5 W=cm 2 , respectively. A half-wave plate was coupled to the microscope in order to rotate the polarization of the incident and the scattered light, allowing measurements to be made of the angular dependence of the polarized Raman spectra. The spectra were taken in the region of the sample where the ribbons depicted in Fig. 1(a) were observed. By scanning the sample, the Raman signal from a particular nanographite ribbon is obtained when the light spot reaches a ribbon that is in resonance with E laser 2:41 eV. , and these will be called the G 1 and G 2 peaks, respectively. By increasing the angle , the intensity of the G 1 peak decreases gradually, while the intensity of the G 2 peak remains constant. Figure 2 (b) shows the angular dependence of the G 1 peak intensity fitted by a cos 2 curve. Figure 2 (c) shows the dependence of the G 1 and G 2 peak frequencies on the laser power used in the experiment, as discussed below. The angular dependence of the Raman spectra shown in Figs. 2(a) and 2(b) can be explained by considering the selection rules for light absorption in graphite and the quantum confinement in a 1D nanographite ribbon. The Raman efficiency is related to the absorption coefficient since the Raman scattering is a third order process which involves the absorption of an incident photon, the creation (or annihilation) of a phonon, and the emission of a scattered photon. According to theoretical calculations for 2D graphite, the probability of light absorption Wk per unit time is associated with the polarization vector of incident lightP p x ; p y and with the wave vectork k x ; k y of the electron by [10] Wk / jP kj
wherek is measured from the K point situated at the corner of the first Brillouin zone. For points k near the K point, the energy dispersion of electrons is symmetric around K and is linearly proportional to k, that is,
where 0 is the tight binding overlap integral parameter and a 0:246 nm is the graphite in-plane lattice parameter [2] . In the light absorption process with a fixed laser energy (E laser ), the energy separation between valence and conduction bands is E laser 2jEkj. Therefore, the wave vector of electrons involved in the light absorption process forms a circle around the K point with radius k abs E laser = 3 p 0 a. We are disregarding here the trigonal warping effect [2] , considering that optical transitions occur sufficiently near to the K point.
Equation (1) shows that the light absorption has a maximum for electrons with ak vector perpendicular to the polarization of the incident light (P) and is zero for electrons withk parallel toP. This fact is not measurable in 2D crystalline graphite because the density of electrons involved in the absorption process is isotropic in the graphene plane, and no changes in the Raman intensity can be observed by rotating the incident light polarization [10] . Therefore, based on the fact that the observed G 2 peak frequency is not affected in the angular dependence depicted in Fig. 2(a) , it can be concluded that G 2 is associated with the E 2g vibrational mode of the HOPG substrate [13] .
The situation is different for nanographite ribbons because, in this case, the k dependence for the light absorption process is important. Figure 3(a) shows the network of a zigzag nanographite ribbon with N 8, where N is the number of dimer lines. The unit cell has 2N atoms and is defined by the longitudinal (L) and transverse (T) vectors. The Brillouin zone, depicted in Fig. 3(b) , is formed by N lines (the so-called cutting lines) parallel to the direction of theK L vector [3, 4] . The wave vectors are continuous along the direction ofK L for a ribbon of infinite length. On the other hand, because of the finite size of the nanographite ribbon in the transverse direction, there are N possible discrete k values separated by jK T j. The electronic structure of nanographite ribbons is formed by 1D subbands due to the quantization of the k space in the transverse ribbon direction. These 1D subbands are obtained by folding the dispersion curves of 2D graphite along cutting lines [3, 4] . Therefore, the electronic density of states (DOS) exhibits van Hove singularities [3,4,14 -16] .
The optical absorption process in nanographite ribbons is associated with electronic transitions between the valence () and conduction ( ) 1D subbands [17, 18] . The quantum confinement of the electrons in a 1D structure restricts the wave vectors (k) of the electrons involved in the absorption process that are associated with transitions between van Hove singularities in the valence and conduction bands. The optical transition energies between van Hove singularities are different for nanographite ribbons with different widths or crystalline directions of theL vector [ Fig. 3(a) ]. By scanning the sample, the Raman signal from a particular nanographite ribbon is obtained when the light spot reaches a ribbon that is in resonance with E laser 2:41 eV. Note that the number of C atoms from the HOPG substrate under the laser spot is at least 100 times larger than the number of C atoms from the ribbon. The observation of the Raman signal from a nanographite ribbon with an intensity similar to the Raman signal from the HOPG substrate is possible by considering the quantum confinement of the electronic states in the ribbon.
A van Hove singularity in the electronic DOS occurs when a cutting line is tangential to the circle of radius k abs . This condition is obtained for electrons with a wave vector along theK T direction. When the photon energy of the incident laser is resonant with an allowed transition between singularities in the 1D density of electronic states, the Raman scattering cross section diverges, and the intensity of the Raman peak is enhanced. This resonant mechanism selects thek vector of electrons and only those along theK T direction are involved in the absorption process, that is,k kK T .
According to Eq. (1), the light absorption probability is proportional to the square of the projection of the polarization vector (P) in the direction perpendicular to the vectorK T , that is the longitudinal ribbon direction. Figure 3(c) shows that the vectorK T coincides with a maximum in the optical absorption for 0 and with a node in the optical absorption for 90
. As is the angle betweenP and the longitudinal ribbon direction, we expect that Wk / cos 2 . Since the Raman intensity is proportional to the number of absorbed photons, it must be also proportional to cos 2 . As shown in Figs. 2(a) and 2(b), the intensity of the G 1 peak has a maximum value for the incident light polarized parallel to the longitudinal ribbon direction ( 0 ), decreases according to cos 2 , and is null whenP is perpendicular to the longitudinal ribbon direction ( 90 ). The experimental results shown in Figs. 2(a) and 2(b) are in excellent agreement with theoretical predictions and allow us to conclude that the G 1 peak is indeed associated with the E 2g vibrational mode of the nanographite ribbon. It is important to emphasize that the analysis above is valid not only for zigzag-type ribbons, but also for ribbons with any type of edge form.
Finally, it is worth analyzing the frequency shift of the two peaks, G 1 and G 2 depicted on Fig. 2(c) . In fact, this shift is due to a thermal effect. Using a low laser power density, one just observes a single peak for the G band at 1580 cm ÿ1 . The G band splits into two peaks when the laser power is increased. The frequencies of these two peaks decrease with increasing laser power, owing to the increase in the local temperature. However, the G 1 frequency decreases nonlinearly, whereas the G 2 frequency exhibits only a small laser power dependence. This is expected, since the Raman frequency of nanosized graphite systems exhibits a stronger thermal dependence compared to bulk graphite [19] [20] [21] . The high thermal conduction coefficient in the graphene plane avoids the excessive heating with the increase of the laser power density, keeping the lattice parameters almost constant. However, in finite size systems, the heat dissipation is less efficient, and therefore the force constants are more affected, providing a strong dependence of the Raman frequency on laser power density, as shown in Fig. 2(c) . It is interesting to emphasize that this thermal effect makes possible the observation of a Raman signal from a nanographite ribbon sitting on a graphite bulk substrate.
In summary, this Letter presents a polarized Raman study of nanographite ribbons which shows evidence for the anisotropic character of light scattering in this system. The results give experimental evidence for the predicted existence of a node in the optical absorption in graphite and the presence of van Hove singularities in the DOS of the nanographite ribbons. A more complete characterization of the DOS profile could be performed using a tunable laser. This is a challenging experiment that requires a tunable laser system with high laser power to separate the Raman signal from nanographite ribbons and the HOPG substrate. 
